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The role of DNA in the mechanism of NFkB dimer formation:
crystal structures of the dimerization domains of the p50 
and p65 subunits
De-Bin Huang, Tom Huxford, Yong-Qing Chen and Gourisankar Ghosh*
Background: Members of the rel/NFκB family of transcription factors play a
vital role in the regulation of rapid cellular responses, such as those required to
fight infection or react to cellular stress. Members of this family of proteins form
homo- and heterodimers with differing affinities for dimerization. They share a
structural motif known as the rel homology region (RHR), the C-terminal one
third of which mediates protein dimerization. Crystal structures of the rel/NFκB
family members p50 and p65 in their DNA-bound homodimeric form have been
solved. These structures showed that the residues from the dimerization
domains of both p50 and p65 participate in DNA binding and that the
DNA–protein and protein dimerization surfaces form one continuous
overlapping interface. We desired to investigate the contribution of DNA to
NFκB dimerization and to identify the mechanism for the selective association
of rel/NFκB family peptides into transcriptionally active dimers.
Results: We report here the crystal structures of the dimerization domains of
murine p50 and p65 at 2.2 Å and 2.0 Å resolution, respectively. A comparison
of these two structures suggests that conservative amino acid changes at three
positions are responsible for the differences in their dimer interfaces. The
presence of the target DNA does not change the dimer interface of either
protein in any significant manner.
Conclusions: These two structures suggest that the rel/NFκB family of
transcription factors use only a few conservative changes in their amino acid
sequences to form a host of dimers with varying affinities for dimerization.
Amino acids at positions corresponding to 254, 267, and 307 of murine p50,
function as primary determinants for the observed differences in dimerization
affinity. The DNA-contacting charged amino acid sidechains from the
dimerization domains are held in a similar conformation in both the DNA-bound
and free states, therefore, no major structural rearrangement is required to bring
these residues into contact with the DNA.
Introduction
The rel/NFκB transcription factors are expressed ubiqui-
tously in most cell types. These proteins play an impor-
tant role in regulating many genes associated with
diverse functions such as immune and inflammatory
responses, cellular growth, and development. The rel/
NFκB family of proteins share a highly conserved
sequence of approximately 300 amino acids at their N
terminus. This homologous portion is known as the rel
homology region (RHR) and is responsible for DNA
binding, dimerization, nuclear transport, and interaction
with the cytosolic inhibitor κB molecule (IκB) [1–3].
The five mammalian rel/NFκB family polypeptides, p50,
p65 (RelA), cRel, p52, and RelB, dimerize to form, in
principle, 15 unique homo- and heterodimers. Biochemi-
cal and immunochemical analyses have failed to identify
all 15, suggesting that rel/NFκB family transcription
factors exhibit variable preferences for dimer formation.
One family member, RelB, forms neither homodimers
nor heterodimers with p65 or cRel [4]. In addition, p65
and cRel homodimers are less abundant in the cell than
the cRel–p65 heterodimer [5]. Cell type specific expres-
sion of these polypeptides might be the reason for some
of these observations. The varying affinities of the
rel/NFκB family polypeptides towards dimer formation
is likely to be another factor contributing to the distribu-
tion of populations of dimers observed in cells. No
absolute dimerization affinity measurements for the
rel/NFκB dimers have been reported, however, consider-
able indirect and preliminary results indicate the relative
dimerization strengths p50–p65 > p50–p50 > p65–p65 (D-
BH, TH, Y-QC and GG, unpublished results). In this
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sense, the very nature of the rel/NFκB dimers is ulti-
mately a key to the regulation of transcription for specific
rel/NFκB-dependent genes.
Limited trypsin digestion of the p50RHR generated a
stable polypeptide fragment which corresponded to the C-
terminal 100 amino acids. Gel exclusion chromatography
of this fragment revealed that it was a dimer. The frag-
ment, when expressed separately, maintains its ability
dimerize. Similar proteolysis experiments with p65RHR
identified the homologous dimerization domain of p65.
Primary sequence analysis of the other rel/NFκB proteins
suggests that the RHR of all these proteins contains a
similar domain structure (GG, unpublished results).
The crystal structure of p50RHR complexed to DNA
revealed the first dimer interface of a rel/NFκB family
protein [6,7]. Similar structural analysis of a complex of
p65RHR and its cognate DNA shows that the dimer
interface of DNA-bound p65RHR is essentially identical
to that of the DNA-bound p50RHR (Y-QC, unpublished
results). These two structures revealed that the RHR of
the rel/NFκB family proteins can be divided into three
segments. The N-terminal segment encompasses the first
170 amino acids of the RHR, except for p50 which is
longer due to a 35 amino acid insert. This segment is
folded into an immunoglobulin-like domain and is the
major contributor of DNA-contacting amino acids. The 100
amino acid middle segment, also bearing an immuno-
globulin-like tertiary fold, is solely responsible for dimer-
ization as expected from the previously mentioned
proteolysis results. Amino acids from this middle domain
also contact DNA upon binding. The short C-terminal
third segment contains the 14 amino acid nuclear localiza-
tion sequence and does not display a folded structure
[6,7]; the last four amino acids of this segment are known
to interact with the NFκB inhibitor protein IκB [1].
Analysis of the dimerization domains of both p50RHR and
p65RHR, as observed from their DNA-bound crystal struc-
tures, revealed three distinctive features: firstly, the dimer
interface is formed by packing two identical β sheets
against each other; secondly, 14 and 13 amino acids from
each monomer are involved in formation of the p50 and
p65 dimer interface, respectively; and finally, a part of the
dimer interface overlaps with the protein–DNA interface
forming one continuous binding surface. A comparison of
the two crystal structures identified that ten of the dimer-
forming amino acid residues are identical between p50
and p65 and that three others are similar. RelB, p52 and
cRel, the other three rel/NFκB family members, appear to
follow a similar trend as indicated by homology in their
primary amino acid sequences.
The two DNA-bound crystal structures do not reveal
how the rel/NFκB family polypeptides exhibit such a
diverse set of specific dimer preferences even though
most of the critical dimer-forming residues are identical.
One possible explanation is that the target DNA may
modulate the protein–protein interface. If this was the
case, the dimer interface of the DNA-bound dimer
would appear somewhat different when compared to the
interface in the absence of DNA. The identification of
one continuous protein dimer–DNA binding surface in
the DNA-bound structures seemed to support such a
model. Furthermore, the dimerization domains form a
compact globular structure as observed in both of the
DNA cocrystal structures. This gave us cause to believe
that the dimerization domains by themselves might serve
as excellent candidates for crystallographic analysis.
High-resolution data would allow an improved under-
standing of the detailed chemistry at the rel/NFκB
family dimer interface.
We report here the crystal structures of the dimerization
domains of murine p50 and p65 at 2.2 Å and 2.0 Å resolu-
tion, respectively. Throughout this paper we refer to the
dimerization domains of p50 and p65 as p50dd and
p65dd, respectively. These structures are compared with
the dimerization domains of p50 and p65 as observed in
the crystal structures of the DNA-bound p50RHR and
p65RHR complexes.
Results
Overall structures
The p50dd consists of 106 amino acids ranging from Ala245
to Glu350. The corresponding dimerization segment of p65
includes 101 residues from Thr191 to Asp291. The five
amino acid difference is due to a shorter loop in p65
located between the β strands c and c′. These additional
five amino acids in p50dd are all charged and are disor-
dered in the crystal. In contrast, the smaller loop in
p65dd is well ordered. The p65dd contains an additional
13 residues (Thr292 to Arg304) at its C-terminal end
which are known to be responsible for nuclear transloca-
tion of p65 (Figure 1a). These residues do not participate
in dimer formation. The final ten amino acids of p65dd
are disordered in the structure. Both p50dd and p65dd
have identical β-sandwich folds similar to those of the
immunoglobulin constant domains (Figure 1b). One
sheet of the β sandwich consists of three antiparallel
stands and the other sheet consists of four antiparallel
strands. The outer face of the β sheet, consisting of the a,
b, and e strands from each monomer, is engaged in forma-
tion of the dimer. Loop L5, which connects the β strands
c′ and e, contributes to the dimer interface in the case 
of p50 and both loops L4 and L5 participate in p65
dimerization. The hydrogen-bonding scheme between
the antiparallel strands is nearly identical in p50dd and
p65dd, suggesting that the tertiary structures of the
dimerization domains of p50 and p65 are highly con-
served. The root mean square (rms) deviation upon
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superposing 101 of the 106 Cα atoms of one monomer of
p50dd on either monomer of p65dd is 0.60 Å. The rms
deviation is even smaller when the loops are not included
in the calculation.
Dimer interfaces of p50 and p65 
The p50 dimer interface
A total of 14 amino acids are involved in formation of 
the p50dd dimer interface and 1471 Å2 solvent-accessible
surface area are buried in the dimerization process. Based
on their role in forming the interface, these residues can
be divided into three classes: Val251, Met253, Leu269,
Phe307, Ala308, and Val310 are involved in van der
Waals interactions; Arg252, Asp254, Tyr267, Cys270,
Asp302, His304, and Arg305 are involved in both van der
Waals interactions and polar contacts (Table 1); and
Glu265 makes only polar contacts. The sidechains of
Met253 and Cys270 are oriented in the opposite direc-
tion to the interface and thus contribute to dimer forma-
tion through their backbone carbonyl oxygen atoms 
only. The dimer interface is primarily hydrophobic with
approximately 62% of the total buried surface area
arising from hydrophobic amino acid sidechains. In the
absence of mutational analysis it is not possible to assess
the role of specific residues in forming the hydrophobic
core. However, the number of contacts, distances, and
orientations of these residues at the interface indicate
that Arg252, Tyr267, Leu269, His304, Phe307, and
Val310 play dominant roles in forming the core of the
dimer interface. Three charged residues, Arg252, Glu265,
and Asp302, are involved in a salt-bridge interaction at
the boundary of the interface. Tyr267 and His304 are
involved in hydrogen-bonding interactions along with
the backbone carbonyl oxygens of Cys270 and Met253
(Figure 1a). Asp254 is located at a critical position of the
interface and may play a key role in regulating its stabil-
ity; one of the carboxylate oxygens of this sidechain faces
the symmetrical counterpart of the other subunit at a dis-
tance of only 2.6 Å.
Residues at positions 251, 252, and 254 are contributed by
β stand a, residues at positions 265, 267, 269, and 270 are
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Figure 1
Dimerization domains of the p50 and p65
subunits of NFκB. (a) The primary sequences
of the dimerization domains of the rel/NFκB
family proteins. Residues which contribute to
the dimerization interface are indicated: the
magenta boxes outline key conserved
residues in the dimer interface; the green
boxes represent nonconserved residues at the
dimer interface including significant affinity-
determining amino acids (see text); the red
boxes indicate a contribution to the dimer
interface through polypeptide backbone
contacts; and the nuclear localization signal at
the C terminus of the dimerization domain is
contained in the purple box. (b) Ribbon
diagram of the p65dd homodimer indicating
the secondary structure elements and overall
tertiary fold. The structure of the homodimer of
p50dd is essentially identical (see text). Two
colors are used to indicate the separate
monomeric subunits in the homodimer.
 p50    ASNLKIVRMD RTAGCVTGGE EIYLLCDKVQ KDDIQIRFYE EEENGGVWEG FGDFSPTDVH
 p65    TAELKICRVN RNSGSCLGGD EIFLLCDKVQ KEDIEVYFTG PG.....WEA RGSFSQADVH
cRel    TAELRICRVN KNCGSVKGGD EIFLLCDKVQ KDDIEVRFVL DN.....WEA KGSFSQADVH
RelB    TSELRICRIN KESGPCTGGE ELYLLCDKVQ KEDISVVFST AS.....WEG RADFSQADVH
 p52    ASNLKISRMD KTAGSVRGGD EVYLLCDKVQ KDDIEVRFYE DDENG..WQA FGDFSPTDVH
 p50    RQFAIVFKTP KYKDVNITKP ASVFVQLRRK SDLETSEPKP FLYYPEIKDK EEVQRKRQK
 p65    RQVAIVFRTP PYADPSLQAP VRVSMQLRRP SDRELSEPME FQYLPDTDDR HRIEEKRKR
cRel    RQVAIVFRTP PFL.RDITEP ITVKMQLRRP SDQEVSEPMD FRYLPDEKDP YGNKAKRQR
RelB    RQIAIVFKTP PYEDLEISEP VTVNVFLQRL TDGVCSEPLP FTYLPRDHDS YGVDKKRKR
 p52    KQYAIVFRTP PYHKPKIDRP VTVFLQLKRK RGGDVSDSKQ FTYYPVVEDK EEVERKRKK
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Structure
contributed by β strand b, and the residues at positions
308 and 310 arise from β strand e. Loop L5, which pre-
cedes β strand e, is also involved contributing the residues
Asp302, His304, Arg305, and Phe307. Seven water mol-
ecules act as bridge groups to form hydrogen bonds with
the two adjacent domains. Two of the bridging water mol-
ecules are located within the dimer interface. One of these
water molecules accepts a hydrogen bond from the NH2
group of Arg252 of one monomer and donates a hydrogen
bond to the carbonyl oxygen of residue Asp302 of the
other monomer. The other water molecule forms two
hydrogen bonds with the NH1 and NE of Arg252 on one
monomer and two more hydrogen bonds with OE1 of
Glu265 and OH of Tyr267 of the other monomer.
The p65 dimer interface
The dimer interface of p65 is formed by a total of 
13 residues: Cys197, Arg198, Glu211, Phe213, Leu215,
Cys216, Asp217, Asp243, His245, Arg246, Val248, Ala249,
and Val251 (Figure 1a). Asp217, which is located on loop
L4, contributes hydrogen bonds to the dimer interface in
p65dd, but not in p50dd (Table 1). Upon forming the
dimer, p65dd excludes 1371 Å2 of the solvent-accessible
surface area, 806 Å2 of which is attributed to hydrophobic
amino acid residues. This indicates that, as in p50, the
dimer interface of p65 is also dominated by hydrophobic
interactions. The hydrophobic core of the p65 dimer inter-
face is formed by the sidechains of Cys197, Arg198, Phe213,
Leu215, His245, Arg246, Val248, Ala249, and Val215. It is
fairly clear from the structure that not all of these residues
contribute significantly in forming the core of the interface;
the key players are Phe213, Leu215, His245, and the meth-
ylene groups of Arg246. One water molecule was observed
in the dimer interface. This water forms a hydrogen bond
with OD2 of Asp 271 of one monomer and another hydro-
gen bond with NE of Arg305 of the other monomer.
Comparison of p50 and p65 dimer interfaces
As previously mentioned, one monomer of p50dd can be
superposed onto one monomer of p65dd with an rms
deviation of 0.6 Å. A 4.7° rotation and a 1.3 Å translation,
however, are required to superpose the second subunits
after superposition of the first subunits of p50dd and p65dd
(Table 2). This suggests that although a high overall struc-
tural similarity exists between p50dd and p65dd, the
detailed chemistry of the two interfaces is different.
1430 Structure 1997, Vol 5 No 11
Table 1
Hydrogen bonds in the dimer interface*.
Monomer A Monomer B p65dd p65RHR–DNA p50dd p50RHR–DNA
(Å) (Å) (Å) (Å)
R252 NE (198) Y267 OH (213) [3.54] 3.44
M253 N (199V) Y267 OH (213) 3.43 [3.66]
M253 O (199V) Y267 OH (213) 3.24 [3.60]
Y267 OH (F213) R252 NE (198) [3.54] [4.41]
Y267 OH (F213) M253 N (V199) 3.43 3.32
Y267 OH (F213) M253 O (V199) 3.24 3.08
R252 NH1 (198) D302 OD1 (243) 3.15 3.26 3.15 [3.58]
R252 NH2 (198) D302 OD1 (243) [5.25] 3.32 [4.26] [4.67]
D302 OD1 (243) R252 NH1 (198) 2.89 2.76 3.15 2.72
R252 NH1 (198) E265 OE2 (211) [4.85] [4.28] 3.35 [5.02]
E265 OE2 (211) R252 NH1 (198) [3.90] 3.41 3.35 [3.61]
C270 O (216) H304 NE2 (245) 2.89 3.00 2.62 2.77
H304 NE2 (245) C270 O (216) 2.80 2.62 2.62 2.62
H304 NE2 (245) F307 O (V248) 2.82 2.85 2.80 2.92
F307 O (V248) H304 NE2 (245) 3.06 2.75 2.80 2.85
D271 OD2 (217) R305 NH2 (246) 2.74 2.65 [6.56] [4.00]
R305 NH2 (246) D271 OD2 (217) [3.85] 2.95 [6.65] [6.72]
*Numbers in parentheses are from the murine p65dd sequence. Values in square brackets indicate distances greater than 3.5 Å which is used as
an upper limit for hydrogen-bond distance. Monomer A and monomer B indicate the independent dimer substituents also referred to in Figure 2
and Table 3.
The approximately 15 fewer van der Waals contacts and at
least six fewer hydrogen bonds in the p65dd dimer inter-
face, compared to that of p50dd, suggests that these two
dimers form with different affinities (Table 1). The vari-
ability at these two interfaces is also reflected by an almost
12% lower buried surface area in p65dd than in p50dd.
Differences in the two interfaces are primarily due to
changes in amino acids at three key positions.
The first amino acid difference which contributes to the
observed variation in homodimerization affinity is the
replacement of Asp254 in p50dd with asparagine at the
equivalent position 200 in p65dd. In p50, Asp254 is
located at the top of the interface where it presumably
destabilizes dimer formation. One of the carboxylate
oxygens of Asp254 makes a hydrogen bond with its 
own backbone nitrogen as well as the backbone nitrogen
of Tyr267. This hydrogen-bonding network constrains
the other carboxylate oxygen of Asp254 in such an orien-
tation that it must encounter the equivalent symmetrical
functional group arising from the other subunit
(Figure 2a). This like-charge interaction might be ener-
getically unfavorable for p50 dimerization. The corre-
sponding Asn200 in p65dd appears not to play any role in
dimerization as the polar groups of the symmetrical
Asn200 sidechains are positioned more than 5 Å apart
(Figure 2b).
Tyr267 in p50dd and the homologous Phe213 in p65dd,
located at the center of their respective dimer interfaces,
probably represent the two most important residues in
understanding the apparent higher affinity for p50 dimer-
ization relative to p65. In p50dd the Tyr267 residues 
are involved in six hydrogen-bond contacts via their
hydroxyl groups in addition to several important inter-
subunit van der Waals contacts through their benzene
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Figure 2
Comparison of the contribution of residues
Tyr267 and Asp254 of p50 and the
homologous pair, Phe213 and Asn200 of
p65, to their respective dimer interfaces. The
different monomers are indicated by the
letters A and B preceding the amino acid
number. (a) In p50, Tyr267 from monomer A
(cyan) and monomer B (green) participate in
hydrogen-bonding networks (red dashed
lines) which direct the two Asp254 residues
towards each other in a dimer-weakening
interaction. (b) In p65, the two Phe213
residues fail to form the extensive hydrogen-
bonding networks of the homologous Tyr267
in p50. The weaker dimer interface allows the
polar Asn200 residues of monomer A (cyan)
and B (green) the freedom to move away from
each other.
A267 
  2.60
B254 
B253 
B267 
A213 
  5.13
B200 
B198 
B199 
B213 
Structure
(a) (b)
Table 2
Comparison of dimerization domain interaction geometries*.
p50dd p65dd p50RHR–DNA
Rotation (°) Translation (Å) Rotation (°) Translation (Å) Rotation (°) Translation (Å)
p65RHR–DNA 6.5 2.2 3.8 0.7 7.2 2.1
p50dd 4.7 1.3 5.4 1.0
p65dd 6.7 1.7
*The absolute values of rotation and translation which were required to superimpose the second domains after the first domains in two dimers were
superposed.
rings (Figure 2a). Phe213, in contrast, mediates only van
der Waals contacts with the residues of the opposing
subunit (Figure 2b). The absence of the Tyr267–hydroxyl
hydrogen bonds in p65 may account for its weaker
subunit association as compared to that of p50.
The weaker dimer interface of p65 may also be due in part
to the substitution of Phe307 in p50 with Val248 in p65
(Figure 3). The bulky phenylalanine residue probably
exerts a stronger hydrophobic effect than the smaller
valine, bringing the two subunits of p50 closer together.
Finally, in p65dd the NH2 group of Arg246 forms a salt
bridge with a carboxylate oxygen of Asp217 which is
absent in p50dd.
Comparison of the free and DNA-bound dimerization
domains of p50dd and p65dd
The dimer interface of the p50–DNA complex buries
1419 Å2 and 857 Å2 for the total and hydrophobic surface
areas, respectively. These values are similar to those of
the free p50dd dimer. This observation, and the fact that
an identical set of residues are used to form the dimer
interface, provide evidence that the interface does not
change significantly upon binding to cognate DNA.
However, when the DNA-bound and unbound p50
dimerization domains are superposed based on one of the
monomers, superposition of the other monomer requires
an additional 5.4° rotation and 1 Å translation (Table 2).
After optimal alignment, the two dimers superpose with
an rms deviation of 0.9 Å (Figure 4a). This result indi-
cates a small, but significant, change in the domain orien-
tations in the free and DNA-bound form of p50. There is,
however, no visible difference in the dimer interfaces of
free and bound p50 dimerization domains, suggesting
that the largest differences occur in parts farthest from
the core of the interface.
Figure 4
Superposition of the p50 and p65 dimerization domain homodimers in
their free and DNA-bound states. (a) Superposition of the p50dd
homodimer (green) and the same homodimer as revealed from the
structure of the p50RHR–DNA complex (purple). (b) Superposition of
the free p65dd homodimer (cyan) onto the homodimer of the
dimerization domain of the p65RHR–DNA complex (red). In both
cases rotation and translation to the ideal alignment is required to
superpose the second monomeric subunits after overlaying the first
two subunits. This observation implies slight overall structural
rearrangement upon DNA-binding (see text).
191 
246 
213 
200 
291 
287 
254 
267 
305 
350 
245 
Structure
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(b)
Figure 3
Overlay comparison of the contribution to the dimer interface by
Phe307 in p50 (green) and Val248 in p65 (cyan). The amino acid
numbers correspond to the p50 sequence. His304 (245 in p65) and
Cys270 (216 in p65) are included to show sidechain and backbone
interactions involved in creating the dimer interface (see text). Atoms
are shown in standard colors; hydrogen bonds are shown as red
dashed lines.
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304 
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Similar to the DNA-bound and unbound form of the
p50dd, the p65dd does not show any noticeable change
upon DNA binding. In fact, the dimerization domains of
p65 are more similar in the two forms than are the p50
dimerization domains. Only a 3.8° degree rotation and 0.7 Å
translation are required to superpose the second subunits
after superposition of the first subunits (Table 2). The rms
deviation of the superposed dimers is 0.4 Å (Figure 4b).
The relative orientations of loops L4 and L5 remain virtu-
ally equivalent in both the p50RHR–DNA complex and
the p50dd unbound structures. Most of the sidechains
arising from these two loops, Asp271, Lys272, Gln274,
Lys275, Arg305, and Gln306, are located in the vicinity of
DNA in the DNA-bound structure and some of them
contact DNA directly. The geometries and average B
factors of these charged and polar amino acids are similar
in both their DNA-bound and unbound conformations
(Table 3). Accordingly, these amino acid sidechains main-
tain a similar conformation in both states except for small
movements of the charged groups to form hydrogen bonds
with each other and to neutralize their charges (Figure 5a).
This observation suggests that as p50 comes within close
proximity of its target DNA these residues can contact the
DNA backbone without undergoing significant structural
rearrangement. In an analogous situation, the charged
residues from loops L4 and L5 in p65 are held in similar
conformations in both the DNA-bound and unbound
forms (Figure 5b).
Discussion
Comparison of the high-resolution structures of murine
p50dd and p65dd indicates that three residues are pri-
marily responsible for regulating the differing affinities
towards dimerization exhibited by the rel/NFκB family
proteins. In p50 these three residues are Asp254 (Asn200
in p65), Tyr267 (Phe213 in p65), and Phe307 (Val248 in
p65). How the change from Phe307 (in p50) to Val248 (in
p65) affects the difference in the relative stability of
these two dimers is not entirely clear, except that Phe307
is involved in a few more van der Waals contacts than
Val248 (Figure 3). On the contrary, the effects of the
Tyr/Phe and Asp/Asn pairs in modulating the dimer
strengths of p50 and p65 seem fairly straightforward. It
is, however, important to remember that the residues
that are not directly involved in the dimer formation may
play a significant indirect role by influencing the geome-
try of the of the protein backbone and the sidechains of
those involved in direct subunit contacts. 
In p50, tyrosine residues at position 267 play a key role by
bridging the monomers through several van der Waals and
polar interactions (Figures 2a,b; Table 1). These residues
also contribute to a reduction in the affinity for homod-
imerization by forcing Asp254 to assume energetically
unfavorable positions. In the p65dd, Asn200 does not
reduce the affinity for homodimerization due to the con-
siderable distance between its polar groups. The absence
of the unfavorable p50 Asp254 interaction at the corre-
sponding position in p65, however, does not compensate
for the loss of six hydrogen bonds at the p65 dimer inter-
face due to the tyrosine to phenylalanine change. The
result is that p65 is a weaker homodimer than p50. This
also explains why the most biologically active member of
the rel/NFκB family, the heterodimer of p50 and p65,
would be the most stable dimer of the three (Figure 1a).
Asp254 from p50 is likely to make strong hydrogen bonds
with the symmetrically located Asn200 residue of p65. As
previously described, Tyr267 also regulates the position-
ing of Asp254 through a network of hydrogen bonds with
Asp254 and the vicinal backbone and sidechain atoms.
Phe213 in p65, on the contrary, cannot fix the geometry of
Asn200. Therefore, Asn200 can move freely to form a
hydrogen bond with the p50 Asp254 thus cementing the
dimer interface of the p50–p65 heterodimer. In RelB, on
the other hand, a combination of tyrosine and asparagine
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Table 3
Average B factors (Å2) of DNA-contacting sidechain atoms.
Residues* p50dd p50RHR–DNA p65dd p65RHR–DNA
Monomer A Monomer B Monomer A Monomer B Monomer A Monomer B
Lys272 (218) 42.2 39.2 27.8 24.3 29.4 38.5 41.3
Gln274 (220) 38.0 31.9 41.1 31.9 28.9 30.2 41.0
Lys275 (221) 40.8 34.7 36.3 17.1 22.0 26.2 34.3
Arg305 (246) 44.9 39.9 42.7 33.6 24.7 45.9 34.1
Gln306 (247) 40.8 22.7 22.3 27.9 19.7 20.2 29.6
*Numbers in parentheses indicate the position in the murine p65dd sequence. Monomer A and monomer B represent independent dimer
substituents (see Table 1 and Figure 2).
at the corresponding positions most likely weakens the
homodimer because symmetrical tyrosines could force the
two asparagines to face each other in a manner reminis-
cent of the Asp254 sidechains in the p50 homodimer.
This inhibitory interaction between the two amino groups
of the asparagines is probably more detrimental for
subunit association in RelB than in p65, although addi-
tional hydrogen bonds are gained due to the presence of
tyrosine in the equivalent position of p65 Phe213. This
could explain why homodimers of RelB have yet to be
detected in the cell, but an Asn→Asp mutant of RelB
could form homodimers in a manner similar to p50 [8].
Based on the sequence homology of the rel/NFκB family
members (Figure 1a) and the proposed model for dimer
affinity, it appears that the cRel and p65 polypeptides
would bear an identical affinity for dimerization. This
hypothesis arises from the observation that the
asparagine, phenylalanine, and valine amino acids, estab-
lished as determinants of dimerization affinity in p65, are
conserved in the two proteins.
The overall structures of the dimer interfaces of p50 and
p65 are similar but not identical in their DNA-bound and
free forms. Small changes in the interfaces are revealed in
the hydrogen-bonding pattern of the two states. In addi-
tion, the free and bound dimers cannot be superposed
perfectly as small rotations and translations are required
for superposition. Interestingly, the charged residues that
contact the DNA sugar phosphate backbone in the DNA-
bound structure are predisposed in appropriate conforma-
tions in the free dimerization domain structure, such that
DNA binding incurs a minimal entropic penalty. This
seems a stark contrast to the flexibility and multiple
DNA-binding modes exhibited by the N-terminal domain
of the RHR, as recently revealed in two X-ray crystal
structures of the p65RHR homodimer bound to different
biologically relevant DNA targets. A central loop region
which connects the N-terminal and dimerization domains
within the RHR affords the N-terminal domains the
freedom to select the optimal DNA-binding mode (Y-QC,
unpublished results).
Figure 5
Overlay comparison of the DNA-contacting
residues of the p50 and p65 dimerization
domains in their free and DNA-bound states.
(a) Minimal rearrangement in the DNA-
contacting amino acid sidechains of p50 is
observed in its free (cyan) and DNA-bound
(green) conformations. (b) Similarly, in their
free (cyan) and DNA-bound (green)
conformations, DNA-contacting amino acids
of the p65 dimerization domain are essentially
static. Hydrogen bonds are shown as red
dashed lines and their distances are given in
Å. Atoms are shown in standard colors.
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Biological implications
The mammalian rel/NFκB family of transcription
factors comprises five polypeptides, p50, p65 (RelA),
cRel, p52, and RelB, which dimerize to form, in princi-
ple, 15 homo- and heterodimers. These transcription
factors exist in their cytosolic form in a complex with the
inhibitor molecule IκB. In response to a variety of extra-
cellular signals, IκB is targeted for proteolysis. Removal
of the inhibitor allows the NFκB dimer immediate
access to the nucleus by nature of its nuclear localiza-
tion sequences. Thus, the rel/NFκB dimers are vital for
regulation of rapid cellular responses such as those
required to fight off infection or react to cellular stress.
It is known that the rel/NFκB family dimers play distinct
roles and are not functionally redundant. For example,
the cRel–p65 heterodimer cannot be replaced functionally
either by the p50–p65 heterodimer or by the homodimers
of cRel and p65. Furthermore, the various dimers show
unique responses to different IκB molecules. Regulation
of the rel/NFκB family of transcription factors through
specific dimer association and interaction with IκB
occurs independently of target DNA binding. Therefore,
it follows that understanding the regulation of the
rel/NFκB family of proteins requires comprehension of
the mechanism of dimer formation. 
Crystal structures of two rel/NFκB family homodimers,
p50 and p65, have previously been solved in their
DNA-bound form. Because the dimerization domains
of both p50 and p65 participate in the binding of DNA
and their dimer interfaces are intimately associated
with the DNA surface, it was speculated that the
DNA-bound dimer interfaces might be modulated by
DNA. The crystal structures of the dimerization
domains of murine p50 and p65 in the absence of DNA
are reported here; the structures demonstrate that the
presence of DNA does not change the dimer interface
to any significant extent. In addition, due to the higher
resolution of the structures, a detailed description of the
dimer interfaces of p50 and p65 is possible. The struc-
tures identify three key amino acid residues, which con-
tribute to the relative homodimer affinities of the
rel/NFκB family proteins. These data suggest that one
level of NFκB transcriptional control in the cell
involves specific dimer selection dictated by conserva-
tive amino acid changes in a few key positions at the
dimer interface. Finally, the structures demonstrate
that minimal rearrangement in the DNA-contacting
amino acids of the rel/NFκB dimerization domain is
required for binding of the target DNA. 
Materials and methods
Protein expression, purification, and crystallization
The cDNA fragment encoding p50dd (residues Ala245 to Glu350)
was amplified by use of the polymerase chain reaction (PCR) and two
restriction enzyme sites, NdeI and BamHI, were introduced at the 5′
and 3′-ends, respectively. A translational stop codon was also intro-
duced following the last amino acid codon. The NdeI–BamHI PCR
fragment was cloned into the pET3a vector (Novagen) between its
NdeI and BamHI sites. The recombinant vector was transformed into
Escherichia coli strain BL21(DE3) (Stratagene). Transformed cells
were grown in luria broth to an OD595 of 0.6 and induced with 0.4 mM
isopropyl-β-D-thiogalactosidase (IPTG) for 3 h at 37°C. After lysing
cells by sonication, the cell debris was removed by centrifugation at
10,000 rpm at 4°C. The cell lysate was loaded onto an SP sepharose
column (Pharmacia) and washed in 20 mM MES (pH 6.5), 50 mM
NaCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM p-
toluenesulfonyl fluoride (PMSF), and 10 mM β-mercaptoethanol.
p50dd was eluted using a linear salt gradient from 50 to 250 mM
NaCl in 20 mM MES (pH 6.5) buffer. The peak fractions containing
p50dd were pooled, concentrated, and further purified by gel exclu-
sion chromatography (Superdex 75, Pharmacia). Purified p50dd was
dialyzed against 10 mM Tris (pH 7.5), 25 mM NaCl and concentrated
to 100 mg/ml using a centricon-10 (Amicon). Crystals of p50dd were
grown using the hanging-drop vapor diffusion method from a reservoir
solution of 0.08 M cacodylate buffer (pH 6.5), 0.16 M ammonium
sulfate, and 30% PEG 8000. Drops contained 2 µl of 14 mg/ml
p50dd and 2 µl of reservoir solution.
The p65dd was cloned and expressed using the procedure described
for p50dd. Purification of p65dd was modified in the following way.
Contaminating proteins were removed by passing the cell lysate
through a Q sepharose column (Pharmacia) and subsequently through
an SP sepharose column (Pharmacia) in 20 mM MES (pH 6.5),
50 mM NaCl, 0.5 mM EDTA, 0.1 mM PMSF, and 10 mM β-mercap-
toethanol. The SP sepharose flow through was dialyzed overnight at
4°C against 20 mM potassium phosphate (pH 6.5), 0.5 mM EDTA,
0.5 mM PMSF, and 10 mM β-mercaptoethanol and eluted by a phos-
phate gradient from a hydroxyapatite column (BioRad). Peak fractions
were concentrated using a centriprep-10 (Amicon) and further purified
on a Superdex 75 gel filtration column (Pharmacia) in 25 mM Tris-HCl
(pH 7.5), 50 mM NaCl, and 1 mM dithiothreitol. p65dd crystals were
produced by the hanging-drop vapor diffusion method using a 1:1
mixture of pure recombinant IκBα and p65dd in an effort to form
complex cocrystals. The reservoir solution contained 25% polyethyl-
ene glycol (MW 3350), 100 mM sodium cacodylate buffer (pH 6.5),
and 0.2 M ammonium acetate. The crystals obtained under these con-
ditions contained only p65dd. Subsequently, identical p65dd crystals
were produced in the absence of the IκBα binding partner.
Data collection and processing
X-ray diffraction data of p50dd and p65dd were collected at 105K
using a MAR research imaging plate system and CuKα radiation pro-
duced by a Rigaku rotation anode RU200 operated at 50 kV and
100 mA. Before being flash-frozen to 105K, the crystals used for data
collection were briefly soaked in corresponding cryosolvents. The
cryosolvents contained the reservoir components and 25% glycerol.
The unit-cell dimensions of the p65dd crystals are: a = 55.50,
b = 74.49, c = 105.61 Å and the space group is C2221. There is one
dimer in the asymmetric unit, with the volume fraction of solvent 0.45.
The space group of p50dd is P41212 with unit cell dimensions
a = b = 62.33, c = 65.74 Å. There is one monomer per asymmetric
unit, with the volume fraction of solvent 0.49. The data were indexed
and integrated using DENZO [9] and scaled by SCALEPACK [9]. The
data collection and reduction statistics are summarized in Table 4.
Structure solution and refinement
The structures of p50dd and p65dd were solved by the molecular
replacement method using AMoRe [10]. The two dimerization
domains of the p50RHR–DNA complex were used as search models
for p65dd and monomer A of the dimer was used for p50dd. The
dimerization domain of p65 differs from p50 by 46 residues, and the
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loop between c and c′ of p65dd is five residues shorter than that of
p50dd. A common strategy was adopted in the two molecular
replacement cases, both using 15–3.5 Å data. The rotation and trans-
lation functions of AMoRe revealed the solutions clearly. The rotated
and translated models were refined by rigid-body refinements using a
fitting function; the R factors were 0.44 and 0.47 for p50dd and
p65dd, respectively. Rigid-body refinements of the models were per-
formed in X-PLOR [11], again to further improve the orientations and
positions for the structures. Successive cycles of positional refine-
ment and simulated-annealing refinements in X-PLOR, combined with
model rebuilding, improved the structures progressively. Manual
adjustments were made based on |2Fo–Fc| difference maps performed
on an SGI graphics using the program TOM [12]. Water molecules
were identified from the |2Fo–Fc| and |Fo–Fc| maps. Electron density
with peaks above 2σ in the |Fo–Fc| map and consistent with the
|2Fo–Fc| map was accepted as a water molecule if it was within 4 Å of
a likely hydrogen-bonding partner in the protein. The water was then
included in the positional and temperature refinements with unit occu-
pance and deleted if its temperature factor was higher than 50 Å2. A
total of 82 water molecules were located in the structure of p50dd
and 90 in the p65dd structure. For the structure of p65dd, strict non-
crystallographic symmetry constraints and the parameter set of Engh
and Huber [13] were used throughout refinement. The parameter set
of Engh and Huber was also applied for the refinements of the struc-
ture of p50dd. When individual isotropic temperature factors were
included in the refinement, the final R factors were 0.18 for p50dd and
0.20 for p65dd. On the basis of the stereochemical analysis with
PROCHECK [14], the overall quality of the refined structures is good
when compared to other well-defined structures. Ramachandran plots
[14] showed that 87% of all non-glycine residues were located in
most favored regions and that 12% were located in additional allowed
regions for both structures. The only exception in the structure of
p50dd is residue Glu287, which is located in the loop between c and
c′ and probably forms a γ turn of the loop (with φ = 55°, ψ = –60° and
286 O—N288 = 2.7 Å). In p65dd, the loop is five residues shorter. An
unusual combination of φ and ψ angles was observed in the N-terminal
residue Ala192. The final refinement statistics and stereochemical
parameters are given in Table 5. 
Accession numbers
Atomic coordinates for the dimerization domains of the p50 and p65
NFκB/rel family homodimers have been deposited in the Brookhaven
Protein Data Bank. Accession codes are 1BFS (p50dd) and 1BFT
(p65dd).
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Table 4
Data collection statistics.
p50dd p65dd
Number of reflections 7896 12 401
Completeness (%) 98.1 83.5
Maximum resolution (Å) 2.20 2.00
Signal (<I/σ>) 13.2 12.8
Rmerge (%)* 4.9 10.9
Unit cell (Å)
a 62.33 55.50
b 62.33 74.49
c 65.74 105.61
Space group P41212 C2221
Solvent (%) 49.1 44.9
*Rmerge = Σ | Ii– < I>i/Σ < I>i, where Ii is the measured intensity of the
reflection i and < I>i is the averaged intensity of the multiple
measurements of the same reflection.
Table 5
Refinement statistics.
p50dd p65dd
Model
Number of protein atoms 864 1610
Number of water molecules 79 90
Data
Resolution (Å) 6.0—2.2 8.0—2.0
Sigma cut-off F > 2σ(f) F > 2σ(f)
Number of reflections 5613 9124
R factor (%)* 18.3 20.4
R free (%)† 28.7 29.4
Stereochemistry
Rms deviation from ideality
bond length (Å) 0.009 0.014
angles (°) 1.66 1.95
improper angles (°) 1.37 1.71
Average B factor
Mainchain (Å2) 27.8 15.7
Sidechain (Å2) 29.8 16.8
Solvent (Å2) 39.7 24.3
*R = Σ|Fo|–|Fc|/ΣFo. †R free = ΣΤ|Fo |–|Fc||/ΣΤFo, where T is a test
set containing a randomly selected 10% (or 5% in p65dd) of the
observations omitted from the refinements.
